The conformational flexibility of cytochrome P450 enzymes is important for their ability to recognize and to regio-and stereoselectively oxidize a diverse range of endogenous and exogenous molecules (1) (2) (3) . An understanding of the conformational determinants of cytochrome P450 ligand binding is essential for several reasons. First, cytochrome P450 enzymes are responsible for the bulk of the oxidative metabolism of drugs and xenobiotics, and managing this oxidative metabolism has become a critical aspect of the design of new pharmaceutical agents. Cytochrome P450 enzymes are also, in themselves, potential drug targets, as it is estimated that they account for more than 2% of the druggable targets in the human genome (4) . Furthermore, cytochrome P450 enzymes have promising biotechnological applications, including in the synthesis of complex organic molecules and the removal of environmental pollutants (5, 6) .
The most general and effective pharmacophore for the design of cytochrome P450 inhibitors is the azole moiety (7) (8) (9) . Anastrozole and letrozole, two highly effective azole inhibitors that target CYP19A1 (aromatase), have recently been recommended as the first line chemotherapy for estrogen-dependent breast cancer (10, 11) . Additionally, azole antifungal agents have been used successfully for decades to treat fungal diseases (12, 13) . However, targeting a particular P450 enzyme selectively, while avoiding off-target effects on other host P450 enzymes, is both difficult and challenging, as many of the currently marketed azole antifungal agents are also potent inhibitors of oxidative liver drug metabolism (14) .
The crystal structures of bacterial cytochrome 450 enzymes and of the heme domains of mammalian enzymes are now available both in the presence and absence of diverse ligands (15) (16) (17) (18) . These structures have provided highly useful information on the binding constraints for individual substrates and inhibitors. However, they do not necessarily report the range of accessible conformational states in solution, but rather they select the single most energetically stable conformation under a given set of crystallization conditions. As the conformational states in solution are the most biologically relevant, it is highly desirable to complement the crystallographic structures with data from spectroscopic methods that provide independent information on the conformation of the enzymes in solution. NMR is one of the most powerful methodologies available for this purpose, as it provides an overview of the dynamic nature of the ligand binding process based on the movement of residues involved in protein-ligand interactions under physiologically relevant conditions. Furthermore, although crystal structures are limited to low energy conformations, NMR can also reveal the presence of additional higher energy states (19, 20) .
Ligand binding to mammalian P450s is difficult to investigate by NMR due to their high molecular mass and propensity to aggregate. However, the relationships between ligand binding and protein conformation can be examined using the more soluble bacterial cytochrome P450 enzymes. Thus, the binding of ligands to CYP101 (P450 CAM ), probably the most studied P450 enzyme, has been investigated by both one-and two-dimensional NMR spectroscopy (21) (22) (23) as well as crystallography (24 -29) . Solid state NMR has also been used recently to characterize the binding of cytochrome b 5 to mammalian membrane-bound P450 proteins (30 -33) . In this study, we focus on CYP119, a thermophilic cytochrome P450 enzyme from Sulfolobus acidocaldarius, because of its inherent stability, a conformational range akin to that of the mammalian P450 enzymes, and its suitability for NMR studies (34, 35) . Previously, we investigated ligand-induced conformational changes in the F-G region of CYP119 by 1 H, 13 C HSQC NMR after incorporating 13 C-labeled 4-methoxyphenylalanine at the Phe-144, Phe-153, or Phe-162 positions (34, 35) . The labeled proteins were studied with a low affinity inhibitor (imidazole), a high affinity inhibitor (4-phenylimidazole, 4-PI), 2 and a high affinity substrate (lauric acid). Although this method successfully distinguished the inhibitors from the substrate, it gave similar NMR spectra for both weak and tight binding inhibitors despite the major differences seen in the corresponding crystal structures. Also, NMR resonances associated with the ligand-free enzyme persisted even in the presence of excess ligand. These findings, coupled with molecular dynamics simulations, suggest that CYP119 samples a range of pre-determined conformational states in which ligand binding favors one conformation over the others (34) . In this study, 15 N-labeled Phe residues were used as in situ probes due to their buried nature and proximity to the active site to examine the protein structural rearrangements that occur on binding of a range of azole ligands of different size, shape, and lipophilicity ( Fig. 1) , as well as the binding of three substrates, using two-dimensional 1 H, 15 N HSQC NMR chemical shift perturbation of 15 N-labeled Phe residues. 15 N-Labeled Phe residues have been used previously to examine ligand binding cooperativity in cytochrome P450 eryF (36) . The purpose of this study was 2-fold. First, we wanted to further test the hypothesis concerning discrete conformational states, and second, to establish whether NMR could be used as a predictive tool to examine the binding mode of different sized ligands in CYP119, and by extension in mammalian P450 enzymes as well. As part of this effort, the x-ray crystal structures of CYP119 bound to 4-(4-fluorophenyl)-1H-imidazole (4-FPI), 4-(4-chlorophenyl)-1H-imidazole (4-CPI), or 4-(4-bromophenyl)-1H-imidazole (4-BPI) were also determined.
MATERIALS AND METHODS
Chemicals-Unless otherwise noted, all chemicals and solvents used were of analytical grade and were obtained from Sigma. Water used was deionized and distilled in a Milli-Q apparatus. All the supplements were prepared using Millipore water that was filter-sterilized using a 0.22-m filter.
Construction of CYP119 Expression Vector for Different Phe Mutants-The expression vectors used for the expression of C-terminal His 6 -tagged Phe CYP119 mutants were constructed by amplification of the mutated CYP119 gene coding sequence from an existing pCW/cyp119-CHis 6 vector containing engineered BamHI and XbaI restriction cloning sites (37) . As per the instructions of the QuikChange Lightning site-directed mutagenesis kit (Agilent), 2 l of DpnI restriction enzyme was added to digest the parental supercoiled dsDNA and transformed in XL-10 ultracompetent cells. The resulting plasmid was purified and digested using XbaI and BamHI (New England Biolabs), and ligated into a similarly digested pCWori ϩ vector to provide the expression vector pCW/mutant-CYP119-CHis 6 . The resulting plasmid was transformed into Escherichia coli DH5␣ cells for ampicillin screening, and the resulting construct was verified by sequencing. The following mutants were prepared: F5L, F24L, F36L, F39L, F60L, F87L, F98L, F144L, F153L,  F162Y, F225L, F228L, F292L, F298L, F310Y, 15 NLabeled Phe (50 mg/liter) was added after 15 min. The cells were grown at 37°C up to an absorbance of 0.8 -1.0 at 600 nm and induced with 1 ml of 1 M isopropyl 1-thio-␤-D-galactopyranoside. The incubation temperature was reduced to 28°C and a speed of 180 rpm following which a second portion of 15 N-labeled Phe (50 mg/liter) was added to it after 30 min. The culture was allowed to grow further for 40 h.
Purification of 15 N-Phe-labeled Proteins-The cells were harvested by centrifugation at 5000 rpm at 4°C for 20 min, and the pellet was resuspended in 4 ml/g cell of 50 mM PBS, pH 8.0, containing 20 mM imidazole and 500 mM NaCl, 1 mg/ml lysozyme, 1 mM phenylmethylsulfonyl fluoride, 10 mM ␤-mercaptoethanol, and 1 tablet of protein inhibitor mixture (Roche Applied Science). The cells were stirred on ice for 30 min followed by sonication using a Branson sonicator (five 45-s bursts at 50% power, with 2 min cooling in an ice bath between each burst) to promote lysis of the cells. The suspension was then centrifuged in a Sorvall Ultracentrifuge (45 Ti rotor) at 35,000 rpm for 2 h at 4°C to separate cellular debris from protein. The protein-containing supernatant was loaded on a nickel-nitrilotriacetic acid column (5 ml of HisTrap HP from GE Healthcare) pre-equilibrated with 20 mM potassium phosphate buffer, pH 7.4, containing 5% (v/v) glycerol, 20 mM imidazole, and 500 mM NaCl. The column was washed with ϳ5 column volumes of the above mentioned equilibration buffer. The protein was washed with a salt gradient of 20 -100 mM imidazole in 50 mM potassium phosphate buffer at pH 7.4 containing 5% (v/v) glycerol and 500 mM NaCl. The protein was then eluted by increasing the concentration of imidazole to 200 mM. The collected protein was dialyzed overnight in a 12-ml cassette against 1 liter of 100 mM phosphate buffer, pH 6.5. The protein was then concentrated using 30,000 molecular weight cutoff Amicon centrifugal filter tubes (Millipore) and stored in at Ϫ80°C. The protein, as judged by SDS-PAGE, was judged to be Ͼ90% pure. The final concentration of the ferrous-CO protein was determined using UV-visible spectroscopy, with an extinction coefficient of ⑀ ϭ 100 mM Ϫ1 cm Ϫ1 at a wavelength of 450 nm. Ligand K d Determination by Optical Difference Spectroscopy-To determine the K d value, UV-visible difference spectra were acquired for various ligands on a Varian Cary 1E UVvisible scanning spectrophotometer. Both the sample and reference chambers contained 500 l of 3 M CYP119 in 100 mM potassium phosphate, pH 6.5. Prior to initiating the titration, a baseline was recorded between 350 and 500 nm. A 1 M stock of the small molecule ligand to be titrated was prepared in ethanol or 100 mM phosphate buffer, and subsequent stock solutions were prepared by serial dilution in potassium phosphate buffer. Aliquots of the concentrated stock solutions of the ligand were added to the sample cuvette, whereas an equal volume of vehicle solvent was added to the reference cuvette to determine the difference spectrum at varying concentrations (0 -100 mM). 15 N HSQC spectra of ligand-bound protein experiments, aliquots of a concentrated stock solution were added to reach the desired final concentrations for each experiment, and the data were recorded using the above conditions. The final ratio of ligand to enzyme was 2:1. Data processing and analysis were performed with the TopSpin 3.1 software.
Expression and Purification of CYP119 for Structural StudiesInitial failures at CYP119 ligand co-crystallization led us to express and purify the enzyme in a pCWori vector without a His 6 tag. Expression and cell lysis were performed as described previously (38) with some changes in the purification. Briefly, a 40% (w/v) ammonium sulfate cut was applied to the supernatant followed by centrifugation at 6000 rpm for 10 min. A 60% (w/v) ammonium sulfate cut was applied to the soluble fraction, and the mixture was spun down at 6000 rpm for 10 min. The pellet was resuspended in 50 mM BisTris, pH 7.2, and dialyzed into the same buffer overnight at 4°C. The protein was then loaded onto a DEAE-Sepharose column and eluted in 50 mM BisTris, pH 6.0, and a gradient of 0 -250 mM NaCl. Fractions with a 415:280 nm absorbance ratio greater than 1.2 were pooled, and ammonium sulfate was added to a final concentration of 1 M. Protein was then loaded over a tert-butyl HIC column, washed with buffer A (50 mM BisTris, pH 6.0, 500 mM ammonium sulfate), followed by increasing concentrations of buffer B (50 mM BisTris, pH 6.0), and eluted in 60% buffer B. Fractions were dialyzed into 50 mM BisTris, pH 6.0. Protein that had a 415:280 nm absorbance ratio greater than 1.5 was pooled, flash-frozen in liquid nitrogen, and stored at Ϫ80°C.
For crystallography, CYP119 was thawed and diluted 20 times into 10 mM Tris with 1, 2.5, or 5 mM ligand (4-BPI, 4-CPI, and 4-FPI, respectively) and incubated at room temperature for 30 min prior to concentrating to 250 M. An ⑀ 422 ϳ100.5 mM Ϫ1 cm Ϫ1 for complexes was determined by calculating the concentration of the low spin protein using ⑀ 415 ϭ 104 mM Ϫ1 cm
Ϫ1
(39) and titrating in ligand while taking volume changes into account. Concentrations were thereafter calculated using the ligand-bound extinction coefficient.
Crystallography of 4-BPI and 4-CPI-bound CYP119-CYP119 crystals were grown in sitting drop vapor diffusion Cryschem TM (Hampton) crystal trays with wells containing 0.7-1 M ammonium sulfate, 340 mM NaCl, 80 mM sodium acetate, pH 4.5, 20 mM sodium acetate, pH 5.6, 22% (v/v) glycerol following a 3-day incubation at room temperature. Each well contained 500 l of well solution, 1 l of CYP119, and 1 l of mother liquor. Crystals were harvested directly from the crystallization drop and frozen in liquid nitrogen prior to data collection. For 4-CPIbound CYP119, crystals were grown analogously to CYP119 4-BPI crystals except that they required a higher degree of precipitant and a longer incubation time than the latter. The well solution contained 1.3-1.6 M ammonium sulfate, 340 mM NaCl, 80 mM sodium acetate, pH 4.5, 20 mM sodium acetate, pH 5.6, 20% (v/v) glycerol following a 2-week incubation at room temperature.
Data for the CYP119 4-BPI-bound crystal structure were initially collected in-house on an R-axis IV using 1°oscillations and an exposure time of 25 min per frame. Data were scaled and integrated in XDS as P6322. Initial phases and an early round of refinement were determined using Phaser with the previously published 4-PI structure with all the ligands removed. Model building in Coot was used to place the heme and 4-BPI ligand with further refinement performed in phenix.refine implemented in the Phenix package. Following structure solution, higher resolution data were collected at the ALS synchrotron beamline 8.3.2. High and low resolution data were collected in two successive 180°wedges starting from ϭ 332°using 0.7°o scillations. The low resolution data were collected first at a crystal to detector distance of 250 mm for 0.4 s. High resolution spots were captured by a second data collection at 350 mm for 1.7 s. Reflections were integrated and scaled separately using XDS (40) . Data were merged and scaled together using 25-2.7 Å for the low resolution data and 3-2.2 Å for the high resolution data. Intensities were converted to structure factors using truncate from the CCP4 package (41) and refined against the model built using our in-house data. Successive rounds of model building and refinement were performed in Coot (42) and phenix.refine (43) . The 4-BPI ligand was manually fit into the electron density, subsequently refined using ligand parameters determined from idealized bond and angle distances, and optimized using ELbow as implemented in the PHENIX package (43) . All atoms were refined with isotropic B-factors and individual coordinates. Four waters were near special positions and so were fixed with occupancies of 0.5.
Our initial CYP119 4-BPI-bound crystal structure diffracted to ϳ2.2 Å with excellent 2DF o Ϫ mF c density for the bromine substituent. However, a negative peak in our F o Ϫ F c electron density map indicated either increased thermal motion or partial occupancy for the bromine atom. It has been shown that bromine atoms, and aryl-bromine derivatives in particular, are among the most sensitive atoms to radiation-induced x-ray damage (44) . Given that neighboring ligand atoms exhibited similar B-factors and that the bromine atom is constrained to lie in the plane of the aromatic phenyl moiety, we believe that refining the occupancy of the bromine atom was justified and that the resulting reduced occupancy stemmed from x-ray damage. Therefore, we optimized data collection to avoid such damage with a total estimated x-ray dose of 0.5 Mg␥ (where Mg␥ is radiation flux) for the entire data set. Even under these conditions, the bromine atom occupancy refined to ϳ0.7 with strong negative F o Ϫ F c density persisting when the occupancy was set to 1.0. Fluorescence scans of the crystal before and after data collection revealed a sharp drop in intensity at the bromine edge over the course of the data collection. These results suggest that a high resolution crystal structure with a fully occupied bromine atom would require a multiple crystal collection strategy. However, given that our 0.5 Mg␥ data set did not show any structural differences from our highest resolution structure, we believe it is unlikely that there will be any significant structural changes stemming from the loss of the bromine atom during data collection. Therefore, we chose to use our highest resolution crystal structure for the structural interpretations described under "Discussion."
The CYP119 4-CPI-bound structure was solved analogously to the 4-BPI-bound structure with the following differences. Intensity data were collected at Stanford Synchrotron Radiation Lightsource (Menlo Park, CA) on beamline 7-1 using a Q315R detector and a starting ϭ 20°. A total of 200 frames were collected each having an oscillation width of 0.5°. Although we solved the 4-CPI crystal structure in the same unit cell as the 4-BPI-bound CYP119, we used the starting phases from CYP119 -4-PI-bound coordinates (PDB code 1F4T) (ligands removed) for molecular replacement to eliminate any potential model bias coming from the 4-BPI-bound structure.
Room Temperature Crystallography of 4-BPI-bound CYP119 -CYP119 -4-BPI crystals for room temperature data collection were prepared exactly as described for collection at 100 K except that the crystals were not flash-frozen. Instead, they were directly mounted onto a MiTeGen MicroGripper TM and transferred to a MiTeGen MicroRT TM capillary for data collection. Fifteen data sets of 20 frames were collected using 0.5°o scillations per frame. A single test shot was used to optimize the attenuation so that each crystal would experience less than 0.2 Mg␥ of radiation during the data collection using Raddose16 as implemented in the SSRL Blu-ice interface. Data sets were truncated before sharp increases in R merge suggested radiation damage (typically about 10 frames). The remaining data from multiple crystals were merged and scaled together using XDS (40) . Structure solution was carried out as described above.
Crystallography of 4-FPI-bound CYP119 -We initially tried to grow diffractable crystals using conditions similar to those described for the 4-CPI-and 4-BPI-bound crystal structures. However, we were only able to obtain microcrystals in addition to two crystals large enough to attempt mounting for x-ray diffraction. These crystals had similar morphology to those of bromo and chloro-substituted ligand-bound CYP119; however, they were much more fragile and shattered upon manipulation. Fragments diffracted to only 16 Å. Therefore, we used microcrystals to make seed stocks containing crystallization mother liquor with 1.4 M ammonium sulfate, 80 mM sodium acetate, pH 4.5, 20 mM sodium acetate, pH 5.6, 20% (v/v) glycerol, and 200 mM NaCl. The seed stock was vortexed using a Hampton Seed Bead TM and added to 96-well commercial screens as an additive. The best crystals were obtained by mixing 0.3 l of seed stock mother liquor (no crystal seeds) and 1 l of protein (4 mM 4-FPI) with 1 l of well solution (2% (w/v) PEG 8K, 400 mM MgCl 2 , and 100 mM LiCl 2 ) in sitting drop vapor diffusion Cryschem TM (Hampton) crystal trays. Crystal seeds were not needed for crystallization; however, the stock ammonium sulfate mother liquor was absolutely required as an additive. Diffraction data were collected at SSRL beamline 7-1 using ϭ 1.27, an oscillation width of 0.3°per frame, and a total of 258 frames. Data were initially integrated and scaled in XDS, followed by automated point group checking in pointless and final scaling in Aimless giving 2 molecules in the asymmetric unit and a P2 1 2 1 2 1 space group. An initial molecular replacement solution was established using Phaser and the 4-PI crystal structure with all ligands removed. Refinement was carried out in phenix.refine using isotropic B-factors, individual coordinates, and NCS torsion restraints for the two molecules in the asymmetric unit. Phenix.refine allows for local differences in NCS torsion between chains by using a target function that is smoothly cut off as the difference between the two chains increase. This allowed us to visualize significant conformational differences in the FG loop between the two chains. To remove potential model bias, an iterative built omit map in which residues 161-165 were omitted using Phenix autobuild in the Phenix GUI (43) and model building in Coot greatly improved our 2DF o Ϫ mF c map in this region. The 4-FPI ligand was modeled using Coot, and ligand restraints were determined as stated above for the 4-CPI ligand. Final statistics can be found in Table 1 .
RESULTS

UV-visible Monitored Titration of CYP119 with Various
Ligands-UV-visible spectroscopy was used extensively to characterize the binding of ligands within the cytochrome P450 active site. Direct coordination of a ligand heteroatom to the heme iron atom produces a low spin state that is identified by an absorbance increase at 420 nm and a decrease at 390 nm, whereas simple displacement of the normal water ligand from the iron gives rise to a high spin state characterized by the opposite spectral signature. The binding affinity of 17 phenylalanine CYP119 mutants prepared for the NMR resonance assignment was measured with 4-PI, an iron-coordinating ligand, to assess their ligand binding ability. Overall, the mutants had binding affinities similar to the wild-type with the exception of the F228L and F36L mutants, which bound 4-PI ϳ18 and 9 times more weakly, respectively ( Table 2) .
The dissociation constants of several azoles and substrates were then determined. In general, the binding affinity of the azoles increases in proportion to the size and lipophilicity of the side chain, as illustrated by the n-alkyl-substituted imidazoles (Table 3) . However, steric considerations are also relevant, as 1-tert-butylimidazole, despite a log p value only slightly lower than that of 1-n-butylimidazole (log p 1.18 versus 1.43, respectively), is bound much more weakly (K d ϭ 50.5 versus 2.5 M, respectively). Azoles with side chains larger than that of 4-PI, including 4-FPI, 4-CPI, 4-BPI, 4-(2-bromophenyl)imidazole (2-BPI), econazole, and ketoconazole, exhibited K d values between 0.74 and 3.4 M ( Table 3) . Moving the phenyl group of 4-PI to the nitrogen, as in 1-phenylimidazole (1-PI), resulted in a 2-fold decrease in binding affinity, in agreement with data reported for CYP2B4 (45) . Lauric acid and stearic acid, two substrates, had similar binding constants with CYP119, whereas styrene is only a weak substrate of CYP119 (46 17 Phe residues in CYP119, the signals for four Phe residues were absent or unresolved in the spectrum. Signals from these Phe residues may be unobservable due to resonance overlap, H-D exchange, line broadening caused by variable dynamics of these particular regions, or ferric iron paramagnetic effects. Interestingly, resonance E is shifted considerably further downfield in the proton dimension compared with the signals of the other Phe residues, suggesting a significantly deshielded chemical environment, whereas the environment around M is comparatively shielded. Overall, the large number and wide distribution of the resonances detected in this aromatic region of the spectrum indicated the feasibility of monitoring global conformational effects of ligand binding in CYP119 by NMR. (Fig. 2A, red) . In addition, signal E underwent a downfield shift in the proton dimension. The calculated Phe(NH)-Fe distances of Phe-87 and Phe-310 from the CYP119 crystal structure (PDB code 1IO9) are 9 and 5 Å, respectively, which places them among the closest residues to the heme iron atom. Signal O could be assigned to Phe-310 because it disappears in the NMR spectrum of the ferrous F310Y-CO-CYP119 mutant (Fig. 2B, black) . Although M also disappeared, resonance M was weak or absent for many of the other mutants as well. However, even if paramagnetic effects are responsible for the suppression of signals N and O in the ferric protein, the signals of two additional Phe residues remain unobserved and are therefore presumably absent due to factors other than paramagnetic effects.
NMR (Fig. 3A) . Given the proximity of Phe-5 to Phe-24 in the crystal structure (3.8 Å) (47), disruption of their aromatic interaction provides an explanation for the coupled disappearance of the Phe-24 signal upon mutation of Phe-5. The interaction between these two residues was confirmed by the spectrum of the ligand-free F24L-CYP119 mutant, which also resulted in disappearance of both the A and E resonances. In addition, the broad resonance at B in the F24L mutant spreads upfield in the 15 N dimension, suggesting a merging of peaks A and B (Fig. 3B) ; therefore, A corresponds to Phe-5. To assign peaks A/E as Phe-5/Phe-24 or vice versa, the program SHIFTX (48) 15 N HSQC spectra of many of the mutants did not show the presence of E and N due to their weak intensity, we first focused on the more intense resonances.
Comparison of the spectrum of wild-type CYP119 with the corresponding spectra of the F36L-, F39L-, F60L-, and F98L-CYP119 mutants revealed the absence of resonances J, F, G, and L, respectively, confirming their identity as the signals due to Phe-36, Phe-39, Phe-60, and Phe-98, respectively (Fig. 3, C-E,  and G) . The spectrum of the F36L-CYP119 mutant also showed significant displacement of the Phe-39 signal (F) (Fig. 3C ) and vice versa (Fig. 3D) , again illustrating the utility of NMR in detecting aromatic interactions.
The spectrum of ligand-free F153L-CYP119 was remarkably similar to that of wild-type CYP119, indicating that the Phe-153 signal is not among the 13 resonances observed in the ferric state (Fig. 3I) . Interestingly, resonance N was visible in F153L-CYP119, but not in wild-type CYP119, suggesting a proximity of this residue to Phe-153. The resonance peaks were also much sharper compared with the wild type, suggesting a preference for a particular conformation. These observations argue that the Phe-153 residue may not be observed because it is in the highly mobile and solvent-exposed F-G loop (Fig. 4) . Like F153L-CYP119, F144L-CYP119 had an NMR spectrum similar to that of the wild type (Fig. 3H) .
Analysis of ligand-free F225L-, F228L-, F292L-, F298L-, F334L-, and F338Y-CYP119 showed the absence of resonances B, C, H, K, I, and D, respectively (Fig. 5, B-E, G, and H) . Many of the Phe residues on the surface are part of aromatic clusters that are thought to contribute to the thermostability of CYP119 (47, 49) . Thus, at their closest distance, Phe-225 and Phe-298 are separated by 3.9 Å, Phe-298 -Phe-228 by 3.7 Å, and Phe-334 -Phe-338 by 3 Å (Fig. 6) . As already discussed for Phe-5-Phe-24 and Phe-36 -Phe-39, mutation of either Phe-225 or Phe-298 caused significant shifts of the signal of the other residue (Fig. 5 , B and E), whereas an F228L mutation led to disappearance of Phe-225 and displacement of Phe-298 (Fig. 5C ). The changes in the Phe-334 -Phe-338 aromatic pair were less drastic (Fig. 5, (Fig. 5G) . This resonance (a) may be that of one of the missing Phe residues that becomes detectable on mutation of Phe-334; (b) it may result from complete splitting of the Phe-60 resonance, as the new peak is close to Phe-60 and the Phe-60 resonance is broad in the wild-type spectrum, but in the F334L-CYP119 mutant it appears as a single resonance; (c) it may reflect a shift of resonance D to this new position; or (d) it may reflect shift of resonance M, which completely disappeared from its original position, to this new position. This ambiguity could possibly be resolved by NMR studies of double mutants, but we have not attempted to do so here as this was not a goal of this study.
Resonance M was also missing in the NMR spectra of the F87L-, F162Y-, and F310Y-CYP119 mutants (Figs. 3F, and 4, A  and F) . The spectrum of F162Y-CYP119 exhibited a considerable decrease in line broadening of all the resonances, as was observed for the F153L-CYP119 mutant. As these two residues are present in the F-G region and have been found to undergo the greatest degree of displacement in the crystal structures (Fig. 4) , their mutation may alter the flexibility of this loop, leading to a decrease in the overall movement of the rest of the protein.
Two-dimensional 1 H, 15 
N HSQC NMR of CYP119 Backbone Chemical Shift Perturbations Caused by Fatty Acids and
Styrene-To examine the conformational effects of substrate binding on the CYP119 backbone structure, 1 H, 15 N HSQC NMR spectra of CYP119 were recorded with lauric and stearic acids, two relatively high affinity CYP119 substrates (K d ϭ 1 and 1.8 M, respectively), and with styrene, a low affinity substrate. Fig. 7 , A and B, shows titrations of CYP119 with lauric acid and stearic acid, respectively. Interestingly, the resonance M at 1 H ϭ 7.08 and 15 N ϭ 114.2 ppm was more intense in the HSQC spectra with both substrates. The resonance N visible at 1 H ϭ 6.8 ppm, 15 N ϭ 115.78 ppm also had a higher intensity, more so for lauric acid than for stearic acid, which only showed a significant peak corresponding to N with 2 eq of stearic acid. Furthermore, signal B corresponding to Phe-225 was split into two resonances shifted farther downfield in the 1 H dimension. Titration of CYP119 with lauric acid showed movement of Phe-24 (E), Phe-36 (J), Phe-39 (F), Phe-60 (G), and Phe-98 (L) (Fig. 7A) , implying interaction of the lauric acid chain, either directly or through protein motions, with these residues. The effect was less pronounced for stearic acid (Fig. 7B) . In contrast, titration with styrene, as expected from earlier work (46), FIGURE 6 . Stereoview of substrate-free CYP119 (PDB code 1IO7). Phenylalanines are shown as black sticks surrounded by pink dots representing the van der Waals radii. For emphasis, the F, G, and I helices as well as the F-G loop have been drawn in color, whereas the remaining molecule is colorless. Phe-87 is behind the heme group. 1 H, 15 N HSQC spectra monitored at 0.5 (red) and 1 (green) molar eq of lauric acid (A) and 1 (red) and 2 (green) molar eq of stearic acid superimposed upon the ligand-free protein spectrum (blue) (B).
caused no measurable changes in the NMR spectrum (data not shown).
As already mentioned, M was missing and/or low in intensity in the NMR spectra of F87L-, F162Y-, and F310Y-CYP119 (Figs. 3F, and 4, A and F) . The increased intensity of the M and N resonances on binding of fatty acids led us to examine the HSQC spectra of the lauric acid-bound, F87L-, F162Y-, and F310Y-CYP119 mutants (Fig. 8, A-C) . Resonance M was assigned to Phe-87 based on the absence of M and the presence of an intense resonance for N at 1 H ϭ 6.83 ppm, 15 N ϭ 115.55 ppm in the NMR spectrum of F87L-CYP119. Additional indirect evidence came from the F98L-CYP119 spectrum (Fig. 3G) , which showed displacement in the position of M and vice versa (Fig. 3F) upon their respective mutations due to their close proximity. Lauric acid-bound F162Y-CYP119 also had a spectrum similar to that of the lauric acid-bound F87L-CYP119 mutant (Fig. 8, A and B) 15 N ϭ 115.48 ppm, the resonance N can be assigned to Phe-144 by a process of elimination. This assignment is strengthened by movement of N on mutation of Phe-162 (Fig. 8B) and its appearance on mutation of Phe-153 (Fig. 3I) . Also, SHIFTX analysis (48) 15 N HSQC spectrum of CYP119 complexed with the hydrophobic and high affinity CYP119 inhibitor 4-PI (Table 3) was characterized by the appearance of several new resonances (Fig. 10A ). In agreement with the fact that ligand binding can profoundly impact protein stability and flexibility, the resonance peaks were much sharper in the presence of 4-PI.
In particular, resonances Phe-39 (F) and Phe-60 (G) shifted significantly (Fig. 10A) . Resonance B of Phe-225 was split into two resonances that shifted significantly upfield in the 1 H dimension. The two resonances stemmed from two different conformations of the protein, as neither resonance was present in the HSQC spectrum of the 4-PI-bound F225L CYP119 mutant (Fig.  9F) . New resonances appeared at 1 H ϭ 8.09 ppm, 15 N ϭ 116.88 ppm, 1 H ϭ 7.59 ppm, and 15 N ϭ 116.57 ppm in the spectra of 4-PI-bound CYP119 (Fig. 9A, red) compared with wild type (Fig. 9A, blue) . The spectra of the 4-PI-bound F338Y-CYP119 mutant (Fig. 9I ) confirmed the resonance at 1 H ϭ 7.59 ppm and 15 N ϭ 116.57 ppm as a new resonance that did not result from different conformations of the Phe-338 residue.
As the crystal structures show that Phe-153 and Phe-162 in the F-G loop undergo the largest displacement on ligand binding, the corresponding changes in the HSQC spectra of the respective mutants were determined. Overall, similar chemical shift perturbation patterns were detected on 4-PI binding to F162Y-and F153L-CYP119 as found for the wild-type enzyme, except for the disappearance of the signal at 1 H ϭ 8.09 ppm, 15 N ϭ 116.88 ppm with the F153L mutant, which confirmed its identity as that of Phe-153 (Fig. 9, D and E) . The 1 H, 15 N HSQC spectrum of 4-PI-bound F87L-CYP119 did not exhibit resonance M at 1 H ϭ 7.59 ppm and 15 N ϭ 116.57 ppm that can be assigned to Phe-87 (Fig. 9B) .
Resonance C of Phe-228 was significantly line-broadened, particularly in the 15 N dimension (Fig. 10A) , and shifted upfield in the 1 H dimension on binding of 4-PI. The presence of an overlapping resonance was verified by recording the spectrum of 4-PI-bound F228L-CYP119, which retained a sharp signal despite the absence of Phe-228 (Fig. 9G) . In the presence of 4-PI, both F162Y-CYP119 (Fig. 9E ) and F310Y-CYP119 (Fig.  9H) showed a broad resonance signal at that position similar to that of wild-type CYP119, which rules them out as being responsible for the new resonance adjacent to Phe-228. This resonance may correspond to Phe-144, which disappeared completely from its original position (N) in the presence of 4-PI (Fig. 10A) . Phe-144, like Phe-87, must therefore undergo a drastic change in environment upon binding of 4-PI. Interestingly, the 4-PI-bound F144L mutant had a spectrum surprisingly similar to that of the ligand-free wild type (Fig. 9C) . The absence in the mutant of all the NMR characteristics of 4-PI-bound wildtype CYP119 demonstrated the critical role of this residue in mediating the protein changes that are detected by NMR. (Table 3) . Titration of these imidazoles into CYP119 caused small chemical shift changes (Fig. 10, G-I (Fig. 10A) , the binding of 4-FPI, 4-CPI, and 4-BPI caused the Phe-153 signal to appear (Fig. 10, B-D) . The intensity of the Phe-153 signal increased in going from 4-PI to 4-FPI, followed by a stepwise decrease with increasing size of the para-halogen substituent (Fig. 10, A-D) . Relative to wildtype CYP119, the resonances of Phe-87 (M) and Phe-144 (N) underwent a major repositioning in the HSQC NMR spectra of 4-FPI and 4-CPI comparable with those observed with 4-PI. As the size of the para-substituent increased, the signals of Phe-153, Phe-144, and Phe-87 showed an upfield movement, with the Phe-87 resonance almost merging with that of Phe-338 and, in the case of 4-BPI, an extremely weak Phe-153 signal intensity (Fig. 10D) . When the bromine substituent was moved from the para-to the ortho-position, the intensity of the Phe-153 signal increased significantly and a shift of the Phe-87 signal occurred, giving rise to an NMR spectrum similar to that obtained with 4-PI (Fig. 10E) . The binding of 1-PI to CYP119 gave rise to an NMR pattern similar to that of 4-PI with the exception of the Phe-153 signal, which showed an upfield movement in the 15 N dimension (Fig. 10F) (Fig. 11) . Phe-24, which did not substantially change upon titration with imidazole and 4-PI, undergoes a significant shift in both spectral dimensions upon titration with the larger azoles. Phe-36 also exhibits noteworthy chemical shifts with econazole and ketoconazole. However, despite having affinities in the micromolar range, these two large azole compounds did not cause the appearance and/or shift of Phe-153, Phe-144, and Phe-87 observed with 4-PI.
Crystal Structures of CYP119 Bound to 4-FPI, 4-CPI, and 4-BPI-
The 4-FPI-bound CYP119 structure was very similar to that reported for the 4-PI-bound protein (18) , with the exception that in the 4-FPI-bound structure, the residues Glu-160 -Glu-163 were rotated by almost 180°in molecule B compared with molecule A of the asymmetric unit. The other difference between the 4-PI-and 4-FPI-bound structures is at Phe-60, which may be due to conformational heterogeneity between the 4-FPI-bound subunits. Phe-60 is a surface residue buried in a crystal contact in the 4-FPI-bound structure, which suggests the rotation is due to crystal packing contacts that are unique in the two molecules within the asymmetric unit.
In the 4-BPI crystal structure, the FG loop is rotated 180°in a kind of "flip-flop" compared with the 4-FPI-bound and previously reported 4-PI-bound structures. Here, the F-helix portion of the loop (residues Ala-152-Lys-157) is rotated away from the 4-BPI ligand, although the G-helix portion of the loop (residues Glu-60 -Phe-62) is rotated toward it, resulting in unwinding of the F-helix into a random coil from Val-151 to Gly-165 (Fig. 12) . As a result, Leu-155 near the phenyl ring in the 4-PI-bound structure was driven out of the active site in the 4-BPI-bound structure. This movement also caused increased slack in the FG loop, allowing Ile-161 to dive down into the active site and make van der Waals interactions with the orbitals of the 4-BPI phenyl group. Ile-161 is flanked by Phe-162 and is thus sandwiched between two phenyl aromatic rings (Fig. 13) . Thus, the loss of the phenyl-Val-155 interaction is compensated for by a gain in van der Waals interactions and a C-H-bonding network with the Ile-161-Phe-162 dipeptide and the 4-BPI ligand. Aside from these alterations, a majority of the protein-ligand interactions are conserved between the 4-PI-and 4-BPI-bound structures, as they involve regions of the protein that are little altered by the binding of two ligands despite the large rearrangement in the FG loop.
The 4-CPI-bound CYP119 crystal structure is almost completely analogous to the 4-BPI-bound structure. In Fig. 14 , it can be seen that the 4-CPI-CYP119 (magenta) backbone as well as Phe residues differ very little from those of 4-BPI-CYP119 (green). There is only a small change in that the 4-CPI ligand rotates slightly toward the FG loop, which is probably to lower the steric interaction of the chlorine versus bromine substituent. It has been shown that freezing the crystals can compress structures and result in significant differences between room temperature and cryo-cooled structures (50, 51) . As the NMR data were recorded at 310 K, we solved a multicrystal room temperature structure to investigate whether higher temperature would engender conformational changes more relevant to the NMR experiments. However, with an overall C-␣ root mean square deviation of less than 1 Å, the room temperature crystal structure was almost identical to that of the cryogenically obtained structure.
DISCUSSION
A superposition of published CYP119 crystal structures reveals that Phe-144, Phe-153, and Phe-162 of the FG loop, as well as Phe-60 of the BC loop, undergo displacements of 1.3 to 12 Å, whereas the average Phe backbone displacement is less than 0.85 Å (18, 47) . Although the I-helix did not undergo substantial changes in the three reported crystal structures (47), this highly conserved region, which in CYP119 contains Phe-225 and Phe-228, is found in other cytochrome P450 enzymes to play an important role in ligand binding (52, 53) . Furthermore, Phe-87 of the CD loop is a conserved residue located near the heme in cytochrome P450 enzymes that moves in transitioning from an open to a closed ligand-bound structure in, for example, the binding of 4-CPI to CYP2B4 (54) . In the ensuing discussion, we focus on Phe-87, Phe-144, Phe-153, Phe-162, Phe-225, and Phe-60 of CYP119, as these residues appear to be particularly sensitive probes of ligand binding.
The ligand-free resting state of CYP119 was chosen as the basis state for residue assignment and ligand binding studies. However, to assess the extent of paramagnetic signal broadening for residues close to the ferric heme, dithionite-reduced, CO-bound CYP119 was also examined. The most significant differences between the Fe(III)-H 2 O and Fe(II)-CO CYP119 proteins is the presence of new resonances N and O assigned, respectively, to Phe-144 and Phe-310 (Fig. 2A) . The broadening of some NMR peaks in both the Fe(III)-H 2 O and Fe(II)-CO spectra ruled out a paramagnetic effect as the underlying cause for broadening, suggesting that multiple conformations undergo slow exchange in the NMR time scale, as suggested previously for CYP101 (55) . Apart from appearance of the N and O signals, the ligand-free CYP119 and Fe(II)-CO-CYP119 had very similar spectral properties, in agreement with their very similar crystal structures (47) . When 15 N-Phe-labeled CYP119 was titrated with imidazole, very little change was evident in the 1 H, 15 N HSQC spectrum (Fig. 10I) , with the exception of the disappearance of the Phe-87 (M) resonance and separation of the Phe-225 (B) resonance into a doublet that is shifted upfield in the proton dimension. The splitting of the signal of Phe-225, an I-helix residue, at higher imidazole concentrations may reflect a slow-exchange regime between imidazole-bound and imidazole-free CYP119, whereas the upfield shift of the signal is likely to reflect the change in the environment due to close interaction of the I-helix with the ligand. The absence of significant backbone chemical shift perturbations suggests the CYP119 conformation is similar to that of the ligand-free state, with the F-G region fluctuating between open and closed conformations, as evidenced by the absence of the Phe-144, Phe-153, and Phe-162 resonances ( Figs. 2A and 9I ). This is consistent with our previously proposed CYP119 imidazole binding model, in which there is a competition between the weakly bound imidazole ligand and water for occupancy of the heme sixth axial position (34) . Dou- ble electron-electron resonance studies of P450 cam recently showed that its active site in solution in the substrate-free state is in an open conformation (56) , in agreement with our NMR findings for substrate-free CYP119. However, in the reported imidazole-bound CYP119 crystal structure (Fig. 4) (Protein Data Bank code 1F4U) (18) , the FG loop containing Phe-153 undergoes a large displacement relative to the resting state structure (Protein Data Bank code 1IO9) (47) , and Leu-155 approaches the imidazole ligand to within van der Waals distance. There is also a large movement of Phe-162, but this residue does not contact the imidazole ligand and probably is very flexible in solution. The imidazole ligand makes very few direct contacts with the CYP119 backbone or side chains, with the largest interaction probably coming from the heme itself. This is reminiscent of 4-CPI binding to CYP2B4, where there are also scant protein contacts with the imidazole portion of the ligand (54) . This interpretation is supported by the lack of a Phe-162 signal in the 1 H, 15 N HSQC NMR spectrum of either the ligand-free or imidazole-bound states and by the relatively small deviations in the ⌬␦( 1 H, 15 N) chemical shifts in the spectrum (Fig. 10I) . However, given the movement observed in the crystal structures, an NMR chemical shift for Phe-153 might have been expected. As imidazole does not have significant protein interactions, there may be no energetic barriers restricting the FG and BC loops from sampling alternative conformational states on the NMR relaxation time scale. This could allow the FG and BC loops considerable flexibility in the binding of small ligands. The precise position of the FG loop in the imidazolebound CYP119 crystal structure therefore probably reflects the most thermodynamically stable conformation under the crystallization conditions and not the range of conformations accessible in solution (57, 58) . NMR methods have sometimes revealed additional states that are not adequately captured in crystal structures (19, 20) .
In contrast, binding of the high affinity inhibitor 4-PI to CYP119 causes substantial chemical shifts in the HSQC spectrum (Fig. 10A ), in accord with the dramatic rearrangement of the protein backbone seen in the crystal structure (18, 47) . A high degree of active site structural rearrangement was suggested by appearance of the Phe-153 resonance and displacement of the signals for both Phe-87 (M) and Phe-144 (N). In the crystal structure, a hinge motion pivots the hydrophobic F/G loop into the active site such that part of this loop, including Phe-153, becomes part of the F-helix. This results in a flipping of the orientation of Phe-153 (59). However, although Phe-153, Phe-162, and Phe-144 show significant physical movement in the crystal structure, Phe-87 shows little displacement. However, this residue is known for its proximity to the substrate in P450 cam and P450 BM3 (25, 60, 61) , and it may be similarly positioned in the CYP119-substrate complex, for which no structure is yet available. The NMR of CYP119 with lauric and stearic acids, both of which are substrates, exhibited increased intensity of Phe-87, suggesting that this residue has access to alternative conformations in solution (Fig. 7, A and B) . Despite the large displacement of Phe-153 in the crystal structure with 4-PI, the residue makes no contact with the ligand. Instead, 4-PI is surrounded by hydrophobic van der Waals interactions with the side chains of Ala-152, Leu-155, Ala-209, Val-353, and Leu-354 as well as the backbone atoms of Leu-155, Gly-156, and Gly-210, all of which are within 5 Å of the 4-PI ligand. Therefore, it is not surprising then that the wild-type and F153L mutant exhibit similar affinity for the 4-PI ligand (Table 2) . It is worth noting that a van der Waals interaction between Phe-153 and Phe-162, two residues that are 4.2 Å apart and rotated 90°w ith respect to each other in the 4-PI-bound structure, may help to stabilize the ligand-bound conformation. This interaction may compensate energetically for the loss of the Phe-153-heme interaction present in the substrate-free crystal structure. Moreover, the Phe-225 (B) signal splits into a doublet that is shifted upfield in the proton dimension, as was found on imidazole binding (Fig. 10I) . The similar results for this particular I-helix residue argue for a similar binding mode to that of imidazole, in agreement with the heme coordination observed by UV-visible spectroscopy. Furthermore, the relatively narrow line widths of the resonance peaks in comparison with those seen with imidazole suggest a slow exchange regime for 4-PI, which would be consistent with its nature as a high affinity ligand.
Interestingly, titration of 15 N-F144L-CYP119 with 4-PI (Fig.  9C) did not lead to changes characteristic of 4-PI binding to wild-type enzyme (Fig. 10A ) even though the ligand-binding constant was 2.5 and 1.1 M respectively (Table 2 ). In the 4-PIbound crystal structure, the F-helix starts at Asp-140, although in the wild-type protein it starts at Pro-137. Phe-144, located close to the hinge between the movable F-G region and the rest of the protein, seems to play an important role in the ligandbound conformation by interacting with both Phe-87 (C-D loop, 12.3 Å) and Phe-153 (F-G loop, 12.3 Å). The NMR data suggest significant movement of Phe-87, Phe-144, and Phe-153 in solution, but only Phe-153 showed a significant displacement in the crystal structure. These residues may be spatially closer in solution and may interact with each other, affording the 1 H, 15 N HSQC NMR peaks that are disrupted upon mutation of Phe-144.
Based on the CYP119 structural changes observed with imidazole and 4-PI in the crystal structures (18) and by NMR, a series of azole-based ligands (4-methylimidazole, 1-ethylimidazole, 4-bromoimidazole, 4-(hydroxymethyl)imidazole, 1-n-butylimidazole, 1-tert-butylimidazole, 1-PI, 4-FPI, 4-CPI, 4-BPI, 2-BPI, econazole, and ketoconazole) were examined to investigate the relationship between ligand size, binding affinity, and the ability to induce the conformational changes detected by NMR. As the size of the ligand was increased from imidazole to 4-methylimidazole and 1-ethylimidazole to 1-n-butylimidazole, a proportional increase in binding affinity was observed (Table 3 ). This can be attributed primarily to the increased lipophilicity of the ligands, although a strict relationship was not observed when affinity was plotted against lipophilicity.
The NMR spectrum for the binding of 1-n-butylimidazole (K d ϭ 2.5 M) to CYP119 was similar to that for the binding of imidazole. This suggests that the flexible side chain of 1-n-butylimidazole is accommodated within the active site without causing much rearrangement of the F-G loop. To decrease the side chain flexibility, the binding of 1-tert-butylimidazole (K d ϭ 50 M) was examined. This compound again gave NMR spectra similar to those obtained with imidazole and 1-n-butylimidazole. Surprisingly, the larger econazole and ketoconazole ligands, which bind to CYP119 with affinities similar to 4-PI (1 and 3 M, respectively; (Fig. 11) . The fact that the Phe-87 (M) NMR peak disappears on binding of azoles compared with resting-state CYP119 hints that some local differences occur near the proximal side of the enzyme on binding of these ligands.
To define more precisely the influence of subtle structural changes and modest increases in steric bulk, the binding of 1-PI, 4-FPI, 4-CPI, 4-BPI, and 2-BPI was examined. The binding of 1-PI to CYP119 gave an NMR pattern similar to that obtained with 4-PI, as might be expected from their similar size and lipophilicity. However, the Phe-153 signal was upfield in the 15 N dimension for 1-PI relative to 4-PI (Fig. 10, A and F) . This difference may correspond to an increase in active site volume such as that seen in CYP2B4, in which the active site volume in the presence of 1-CPI was greater than with 4-CPI (62), and with the slight change in conformation previously observed on binding of ligands of various sizes to P450 cam and CYP2B4 (62, 63) .
Titration of 15 N-Phe-WT-CYP119 with 4-(4-halophenyl)-imidazoles gave an NMR signature similar to that obtained with 4-PI (Fig. 10) . This was consistent with the finding of similar binding affinities for the 4-(4-halophenyl)imidazoles and 4-PI, suggesting that the active site easily accommodated the parahalo substituent. However, the larger bromine substituent led to partial disappearance of the Phe-153 signal and partial shifting of the Phe-87 and Phe-144 signals. Moreover, the intensity of the Phe-153 signal was more intense for the para-F compound than for 4-PI and then gradually decreased as the parasubstituent increased in size from Cl to Br. In contrast, the Phe-87, Phe-144, and Phe-153 NMR resonances with 2-BPI were comparable with those for 4-PI. This suggests that increased bulk at the para-position was primarily responsible for a structural rearrangement in CYP119. The crystal structure for 4-BPI-bound CYP119 shows a large structural rearrangement in which the FG helix is flipped compared with its position in the 4-PI-bound structure (Fig. 13) . The increase in bulk at the para-position thus functions as a conformational switch that is triggered by the potential clash of the bromine substituent with the CYP119 backbone (Leu-155 to Lys-157) that would be present had the enzyme adopted the conformation taken in the 4-PI-bound crystal structure (Fig. 13) . It is significant that rather than retracting gradually away from the increasingly large substituent, a major rearrangement of the FG loop occurs to give a new conformation. This finding supports the view that there are multiple discrete conformations available to the substrate-free enzyme.
In contrast, the 4-FPI-bound CYP119 crystal structure was almost identical to that of the 4-PI-bound enzyme. The smaller size of the fluorine atom is apparently not sufficient to trigger the structural change seen with the larger bromo substituent. However, there was a difference in the NMR on binding of 4-PI versus 4-FPI. This question can be addressed by a comparison of the crystallographic B-factors, which report on thermal motion in x-ray crystal structures. Although comparisons between crystal structures can be deceptive, it is appropriate to compare the FG loop B-factors in each structure to its own average B-factor to understand the relative flexibility between the enzymes. When the B-factors are normalized to the average value, the FG loop of 4-FPI-CYP119 has significantly higher B-factors than the 4-PI-or 4-CPI-bound structures (Table 1 ). In addition, the conformational heterogeneity between the FG loops ( Fig. 13) in the two monomers of the asymmetric unit suggests that there is considerably more flexibility in this region in 4-FPI-bound CYP119 compared with the 4-PI-bound enzyme. Furthermore, although we could obtain crystals with 4-FPI under the same conditions as for the 4-BPI-bound enzyme, they diffracted to only 15 Å. Thus, in the case of 4-FPI there may be both conformers (4-PI-and 4-BPI-bound) in solution, but only the former produces a stable crystal structure. This would explain the differences in NMR between the 4-PIand 4-FPI-bound enzymes.
The 4-CPI-bound enzyme exhibited an almost identical structure to the 4-BPI-bound structure. However, the 4-CPI crystals were much harder to grow and diffracted to lesser resolution (2.7 versus 2.1) with much higher B-factors compared with the 4-BPI-bound crystals. It is likely that this high disorder is due to higher flexibility or instability of the 4-CPI-bound than 4-BPI-bound structure. This concurs with NMR data, which shows changes halfway between those of the 4-FPI-and 4-BPIbound structures, indicating a heterogeneous solution state in which the 4-CPI-bound structure may exist in conformations corresponding to both the 4-PI-and 4-BPI-bound states.
Our results confirm the utility of NMR in distinguishing between the binding of a substrate and an iron-coordinating (type II) inhibitor. When 15 N-Phe-labeled CYP119 was titrated with two different fatty acid substrates, a quite different chemical shift perturbation pattern was observed than on titration with azole compounds (Figs. 7, 10, and 15) . The resonances of Phe-24 (E), Phe-36 (J), Phe-39 (F), Phe-60 (G), Phe-98 (L), and Phe-225 (B) of the lauric acid-bound protein were significantly perturbed relative to those of the imidazole-and 4-PI-bound proteins (Fig. 15) . Phe-228 (C), which is in the I-helix, was also considerably shifted in the 4-PI-bound spectrum (Fig. 15B) . The shifts were similar but less drastic with stearic acid (Fig.  7B) . Furthermore, the intensities of Phe-87 (M) and Phe-144 (N) were increased for both fatty acids, probably due to restricted movement on interaction with the fatty acids. In the NMR spectrum of the wild-type protein, the Phe-60 signal G is asymmetric and broad, which suggests the presence of multiple protein conformations, whereas a narrower signal for this residue in the fatty acid and azole-bound proteins suggests that they are constrained to a single or more limited range of conformations. Moreover, the conformations populated in the presence of fatty acids and inhibitors are different (Fig. 15) . Another distinguishing feature is the movement of Phe-87 (M) and Phe-144 (N) on type II binding, whereas their intensity increases without changing position with noncoordinating (type I) ligands. As Phe-225 is located on the I helix that undergoes significant displacement in both the azole-bound crystal structure and HSQC NMR, it is not surprising that its signal shifts downfield in the presence of fatty acids. Qualitatively, many of the resonances are shifted considerably downfield upon substrate binding, giving the overall spectrum a unique fingerprint that distinguishes between type II binding inhibitors and type I substrates (or inhibitors).
In conclusion, two-dimensional 1 H, 15 N HSQC chemical shift perturbation studies provide new insight into the structural changes associated with CYP119 ligand binding. Movement of only a few specific residues close to the active site regardless of the type of ligand suggests that conformational changes are largely localized to the active site, whereas the rest of the protein undergoes relatively little deformation, a view supported by molecular dynamics simulations (64) and crystal structures. The absence of NMR-detectable displacement of the general protein backbone in the presence of both small and large azole ligands suggests that the protein in solution is largely in an open conformation similar to that of substrate-free CYP119. Binding of certain ligands, notably 4-arylimidazoles, results in a large conformational rearrangement of the FG loop and increases in the size of the para-substituent lead to a flipping of the FG loop. Our results provide support for the exis- tence of defined, discrete conformations of CYP119. Furthermore, the two-dimensional NMR study of CYP119 mutants confirms the previously proposed aromatic stacking interactions in CYP119 (47, 49) . In a more global sense, our results demonstrate the utility of NMR in investigations of the conformational states of cytochrome P450 enzymes.
